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SECTION 1 
INTRODUCTION 
Much o f  the c u r r e n t  p lanning  f o r  i n t e r n a t i o n a l  communication 
s a t e l l i t e  systems is  o r i e n t e d  toward l a r g e  c a p a c i t y  t r u n k i n g  
s y s t e m  (60 t o  1000 vo ice  channe l s )  w i t h i n  t h e  e x i s t i n g  and 
p lanned ,  ground-based, i n t e r n a t i o n a l  t o l l  networks.  Tha t  i s ,  t h e  
s a t e l l i t e  sys tem provides  l a r g e  c a p a c i t y  t r a n s m i s s i o n  t r u n k s  
between t h e  ground-based swi t ch ing  or message c e n t e r s .  S a t e l -  
l i t e s ,  however, a r e  capable  o f  p rov id ing  a much more f l e x i b l e  
s e r v i c e .  I n  p a r t i c u l a r ,  communication s a t e l l i t e s  could suppor t  
a s m a l l  u s e r  a c c e s s  system, somewhat analogous t o  a n  exchange 
a r e a  s w i t c h i n g  system, wherein any s t a t i o n  can communicate wi th  
any o t h e r  s t a t i o n  i n  the same geograph ica l  coverage a r e a .  The 
s a t e l l i t e  could provide  a l a r g e  number o f  low c a p a c i t y  accesses  and 
the  sys tem could accommodate 8 v a r i e t y  o f  c o n f i g u r a t i o n s  vary-  
i n g  f r o m  f u l l  t ime i n t e r c o n n e c t i o n s  of  s e v e r a l  vo ice  channels  
between two ground s t a t i o n s  t o  p a r t - t i m e  i n t e r c o n n e c t i o n s  o f  
one vo ice  channel  or s e v e r a l  t e l e g r a p h  channels  between two 
ground s t a t i o n s .  
The c e n t r a l  t e c h n i c a l  d i f f i c u l t y  i n  implementing such a 
sys t em with s a t e l l i t e s  l i e s  i n  deve lop ing  an e f f i c i e n t  and 
s u f f i c i e n t l y  f l e x i b l e  means o f  s a t e l l i t e  a c c e s s  f o r  a l a r g e  
number of ground s t a t i o n s ,  which w i l l  accommodate d i f f e r e n t  
t r a n s m i s s i o n  r a t e s  and provide c o n t r o l l e d  pseudo-random a c c e s s  
t o  t h e  system, wi thou t  undue o v e r a l l  sys tem complexi ty .  Time 
d i v i s i o n  a c c e s s ,  (TDA) o f f e r s  c o n s i d e r a b l e  advantages under  
many c o n d i t i o n s .  The i n h e r e n t  f l e x i b i l i t y  o f  t h e  t ime s h a r i n g  
approach makes i t  p o s s i b l e  f o r  any t r a n s m i s s i o n  s t a t i o n  t o  
a d d r e s s  any or a l l  r e c e i v i n g  s t a t i o n s .  A s i n g l e  t r a n s m i t t e r  
I 
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may tnus d i v i d e  t h e  t r ansmiss ion  t ime to o b t a i n  s imul taneous  
communication w i t h  s e v e r a l  d i f f e r e n t  r e c e i v e r s .  A f u r t h e r  ad- 
vantage  of  TDA for s a t e l l i t e  access  i s  t h a t  s i n c e  t h e  s i g n a l s  
a r e  neve r  s imul t aneous ly  p r e s e n t  a t  t h e  s a t e l l i t e  r e p e a t e r ,  t h e r e  
i s  no i n t e r f e r e n c e  between s i g n a l s ,  and power c o n t r o l  o f  t r a n s -  
m i t t e r s ,  i n  t h e  u s u a l  s e n s e ,  i s  unnecessary .  
The purpose  of  t h i s  study i s  t o  i n v e s t i g a t e  some of  t h e  
problems r e l a t i n g  to t h e  t e c h n i c a l  f e a s i b i l i t y  of t i m e  d i v i s i o n  
a c c e s s .  The o b j e c t i v e  was t o  develop an op t imiz ing  t echn ique  
f o r  a small  u s e r  TDA system, i . e . ,  a system c o n s i s t i n g  o f  a 
l a r g e  number of  s m a l l  ground s t a t i o n s ,  each r e q u i r i n g  on ly  a 
low c a p a c i t y  ( a  few v o i c e  or t e l e g r a p h  c h a n n e l s ) .  
A f i g u r e  of m e r i t  i s  de r ived  f o r  a TDA s y s t e m  and i t  i s  
shown t h a t  o p t i m i z a t i o n  of t h i s  f i g u r e  of m e r i t  i s  e q u i v a l e n t  
t o  maximizing t h e  number of a c c e s s e s  ( p r o v i d i n g  t h a t  some o t h e r  
l i m i t a t i o n  does no t  t a k e  e f f e c t  f i r s t )  f o r  a g iven  r e c e i v e d  
c a r r i e r  t o  n o i s e  d e n s i t y  r a t i o .  The f i g u r e  of m e r i t  i n c l u d e s  
t h e  e f f e c t s  of  RF, b i t  and frame synchron iza t ion  e f f i c i e n c i e s  
and e f f e c t i v e  energy pe r  b i t  t o  n o i s e  d e n s i t y  r a t i o .  Var ious  
t e c h n i q u e s  a re  examined and t h e i r  e f f e c t  on t h e  f i g u r e  of m e r i t  
i s  ana lyzed .  Numerical examples a re  used to demonst ra te  t h e  
e f f e c t s  and t h e i r  i n t e r r e l a t i o n s h i p s  i n  a q u a n t i t a t i v e  manner. 
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SECTION 2 
TECHNICAL ANALYSIS 
2 . 1  GENERAL 
T i m e  D i v i s i o n  Access (TDA) p e r m i t s  a number of ground 
s t a t i o n s  t o  s imul t aneous ly  use a common s a t e l l i t e  r epea te r  
th rough  t ime-sequencing of t h e i r  t r a n s m i s s i o n s .  I f  t h e r e  i s  no 
t i m e  o v e r l a p  of t h e  b u r s t s  a r r i v i n g  a t  t h e  s a t e l l i t e ,  t h e n  t h e  
b u r s t s  a re  t r u l y  o r thogona l  and mutual  i n t e r f e r e n c e  i s  n o n e x i s t e n t .  
However, i f  e x c e s s i v e  guard bands must b e  provided  between b u r s t s  
to a l l o w  f o r  t i m i n g  inaccuracy ,  t h e n  t h e  e f f i c i e n c y  of t h i s  
t e c h n i q u e  i s  reduced .  
The g e n e r a l  frame diagram, shown i n  F i g u r e  2 - l ( a ) ,  d e p i c t s  
t h e  t i m i n g  a t  t h e  i n p u t  t o  the  s a t e l l i t e  f o r  N a c c e s s e s .  F igu re  
2 - l ( b )  shows t h e  diagram of  a g e n e r a l  t r a n s m i t t e r  a s s igned  t o  t h e  
i t h  t i m e  s l o t  and t h e  r equ i r ed  t i m i n g  r e l a t i o n s h i p s .  A s  shown 
i n  F igu re  2 - l ( b ) ,  t h e  i n p u t  d a t a ,  a r r i v i n g  a t  a r a t e  of  R i ,  i s  
s t o r e d  i n  t h e  b u f f e r .  A t  t h e  p rope r  t i m e  (de te rmined  by t h e  
p a t h  d e l a y  t o  t h e  s a t e l l i t e ,  -ti, and t h e  d e s i r e d  t i m e  o f  a r r i v a l  
of  t h e  b u r s t s  a t  t h e  s a t e l l i t e ) ,  t h e  accumulated b lock  of RiTF 
symbols i s  g a t e d  t o  a modulator a t  a r a t e  of  Ri T and t r a n s m i t t e d  
to t h e  s a t e l l i t e .  If t h e  t iming  r e l a t i o n s h i p s  a r e  c o r r e c t ,  t h e  
da ta  b u r s t  w i l l  a r r i v e  a t  t h e  s a t e l l i t e  a t  t h e  beginning  of t i m e  
r9 
a t  t h e  end o f  t i m e  s l o t  i a t  t ime f o  ' TFS + 2 T i ) .  T h i s  
j=1 
a c t i o n  i s  p e r i o d i c a l l y  r epea ted  every  T seconds.  F 
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2.2 SYNCHRONIZATION 
As can be seen from the preceding description, the key to 
designing a TDA system lies in the precise time synchronization 
of the burst transmissions. In addition, because TDA, as con- 
sidered in this study, is a digital transmission system, other 
forms of synchronization are required. In general, the various 
forms of synchronization required are as follows: 
a. Frame Synchronization - Overall network timing of the 
bursts from the different sources. 
b. RF Synchronization - Establishment of any FP frequency 
and phase necessary for demodulation. 
e. Symbol (or Bit) Synchronization - Establishment of a 
local receiver clock at the frequency and phase of the data stream 
within a burst. 
d. Word Synchronization - Establishment of the phase of a -
block of bits of the data stream within a burst. 
Each of these forms of timing is not independent. For PX- 
ample, the symbol or bit synchronizer may be a part of the frame 
synchronizer and the word synchronizer. Additionally, if the 
number of blocks of data within a burst is an integral number, 
the word synchronizer may be a subsystem of the frame synchro- 
nizer. There are a number of ways to obtain each type of syn- 
chronization and the crux of the problem to be solved is the 
intelligent selection of a set of synchronization techniques 
which optimizes the average data rate for a given set of con- 
straints. 
Before discussing a general model for TDA systems and its 
optimization, a discussion of network timing is necessary. 
2.2.1 Network Timing 
Network timing to establish burst synchronization can origi- 
nate either from the satellite itself or from one of the ground 
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s t a t i o n s ,  a c t i n g  as t h e  master s t a t i o n .  The former approach 
s u f f e r s  from t h e  i n h e r e n t  drawback t h a t  once t h e  frame l e n g t h  i s  
f i x e d  i t  cannot  b e  changed, making t h e  system i n f l e x i b l e .  T h i s  
approach i s  a l s o  nonadapt ive  i n  n a t u r e ,  as f a r  as s a t e l l i t e  power 
u t i l i z a t i o n  i s  concerned. S u f f i c i e n t  power margin must be provided  
s o  t h a t  under  wors t  cond i t ions  t h e  t i m i n g  in fo rma t ion  can be  
r e c e i v e d  by t h e  s m a l l e s t  s t a t i o n .  Another d i sadvan tage  o f  having  
t h e  network t i m i n g  o r i g i n a t e  from t h e  s a t e l l i t e  i s  t h e  dependence 
of  t h e  o v e r a l l  system r e l i a b i l i t y  on t h e  r e l i a b i l i t y  of t h e  
s a t e l l i t e  t i m i n g  source .  To circumvent  t hese  drawbacks, network 
t i m i n g  w i l l  b e  assumed, f o r  t h e  purposes  o f  t h i s  s t u d y ,  t o  o r i g i -  
n a t e  from one of  t h e  ground s t a t i o n s .  
The t i m i n g  can be cont inuous and t r a n s m i t t e d  i n  a form 
o r t h o g o n a l  w i t h  t h e  d a t a ,  o r  i t  may be a r e p e t i t i v e  f u n c t i o n ,  
i n t e r l a c e d  i n  t i m e  w i t h  b u r s t s  of data .  For cont inuous t r a n s -  
m i s s i o n ,  u n l e s s  a s e p a r a t e  s a t e l l i t e  r epea te r  i s  used ,  t h e r e  w i l l  
be i n t e r a c t i o n  between t iming  and da ta .  Also ,  a d d i t i o n a l  ground 
equipment w i l l  be  r e q u i r e d  t o  s e p a r a t e  t i m i n g  and da t a ,  which 
w i l l  i n c r e a s e  bo th  s a t e l l i t e  and ground s t a t i o n  complexity and 
lower t h e  s y s t e m  r e l i a b i l i t y .  The method of  t r a n s m i t t i n g  t iming  
in fo rma t ion  as a s e p a r a t e  b u r s t  i n t e r l a c e d  i n  t ime w i t h  data  
b u r s t s  does n o t  s u f f e r  from t h e  drawbacks of t h e  cont inuous 
t r a n s m i s s i o n  mentioned. It makes e f f i c i e n t  u s e  of  t r a n s m i t t e r  
power and u s e s  t h e  same s a t e l l i t e  equipment as t h e  d a t a ,  t h e r e b y  
no t  a f f e c t i n g  t h e  r e l i a b i l i t y  of  t h e  s y s t e m .  Also no a d d i t i o n a l  
ground r e c e i v i n g  equipment i s  r e q u i r e d  which may o the rwise  de- 
c r e a s e  ground s t a t i o n  r e l i a b i l i t y .  F i n a l l y ,  i n  a d i g i t a l  t r a n s -  
m i s s i o n  system, cont inuous  t r ansmiss ion  o f  t iming  in fo rma t ion  i s  
n o t  r e q u i r e d .  
The re fo re  network t iming w i l l  b e  assumed t o  o r i g i n a t e  from 
one o f  t h e  ground s t a t i o n s ,  a c t i n g  as a master s t a t i o n ,  and w i l l  
b e  t r a n s m i t t e d  as a separate  b u r s t  t i m e  shared w i t h  t h e  data  
b u r s t s  . 
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2 . 2 . 2  Frame Synchron iza t ion  Errors 
There are s e v e r a l  sou rces  of  frame s y n c h r o n i z a t i o n  ( b u r s t  p o s i -  
t i o n )  e r ro r s  i n  a TDA s y s t e m :  
a. Measurement E r r o r  - When t h e  t ime of occur rence  of a 
s i g n a l  p e r t u r b e d  w i t h  n o i s e  i s  measured, t h e  e r r o r  committed i s  
dependent  on t h e  s i g n a l ,  no i se  and t h e  measurement method. 
b .  T r a n s l a t i o n  E r r o r  - If t h e  t ime of occur rence  of a n  
e v e n t  i s  s t o r e d  ( e . g . ,  by means of a s h i f t  r e g i s t e r  o r  c o u n t e r )  
and l a t e r  employed t o  i n i t i a t e  a n  a c t i o n ,  a t r a n s l a t i o n  e r r o r  
o c c u r s  which i s  determined by t h e  accu racy  of t h e  c l o c k .  
e .  Burs t  P o s i t i o n  System E r r o r  - The b u r s t  p o s i t i o n  system 
i s  assumed t o  be a c l o s e d  loop s e r v o .  Thus, a d e t e r m i n i s t i c  b u r s t  
p o s i t i o n  e r r o r  w i l l  e x i s t  which i s  a f u n c t i o n  of t h e  loop  param- 
e t e r s  and t h e  t ime d e r i v a t i v e s  of t h e  r o u n d - t r i p  d e l a y  between a 
ground s t a t i o n  and t h e  s a t e l l i t e .  The b u r s t  p o s i t i o n  system a l s o  
has  a s t a t i s t i c a l  e r r o r ,  which i s  a f u n c t i o n  of t h e  measurement 
and t r a n s l a t i o n  e r r o r s  as w e l l  as t h e  s e r v o  c h a r a c t e r i s t i c s .  
These e r r o r s  can  cause  system d e g r a d a t i o n  and t h u s  neces-  
s i t a t e  a guard band between ad jacen t  b u r s t s  s u f f i c i e n t l y  wide t h a t  
t h e  t o t a l  b u r s t  p o s i t i o n  e r r o r  w i l l  n o t ,  w i t h  a h i g h  p r o b a b i l -  
i t y ,  r e s u l t  i n  a n  o v e r l a p  of b u r s t s  and hence l o s s  of  da ta .  These 
e r r o r s  a r e  ana lyzed  
2 . 3  TDA EFFICIENCY 
The e f f i c i e n c y  
as : 
T =  
i n  Paragraph 2 .4 .3 .1 .  
of a TDA system can,  i n  g e n e r a l ,  be d e f i n e d  
d a t a  t i m e  i n  a frame i n t e r v a l  t o t a l  
f rame i n t e r v a l  
where T = Frame i n t e r v a l  F 
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= I n t e r v a l  f o r  frame s y n c h r o n i z a t i o n  TFS 
TG = T o t a l  guard i n t e r v a l s  
TBS = T o t a l  t i m e  f o r  b i t  s y n c h r o n i z a t i o n  
= T o t a l  t i m e  f o r  R F  s y n c h r o n i z a t i o n  ( c a r r i e r  a c q u i s i t i o n )  *RF 
The t o t a l  TDA e f f i c i e n c y ,  r), may be r e w r i t t e n  as :  
where qF = Frame e f f i c i e n c y ,  which accoun t s  f o r  t h e  f r a c t i o n  of  
t o t a l  t i m e  devoted t o  f raming  and b u r s t  s y n c h r o n i z a t i o n .  
= B i t  s y n c h r o n i z a t i o n  e f f i c i e n c y ,  which accoun t s  f o r  t h e  rlBS 
f r a c t i o n  of remain ing  t ime devoted t o  b i t  s y n c h r o n i z a t i o n .  
RF e f f i c i e n c y ,  which accoun t s  f o r  t h e  f r a c t i o n  of t h e  ~ R F  = 
remain ing  t i m e  devoted  t o  RF c a r r i e r  recovery .  
Thus, t o  a c h i e v e  a h i g h  o v e r a l l  system e f f i c i e n c y ,  t h e  
i n d i v i d u a l  e f f i c i e n c i e s  qF, qgs, and q RF must be h igh .  
2.4 TDA SYSTEM FIGURE OF MERIT A N D  OPTIMIZATION 
T h i s  paragraph  d e f i n e s  a f i g u r e  o f  m e r i t  f o r  a TDA system which 
i s  a f u n c t i o n  of  t h e  preceding  e f f i c i e n c i e s  as w e l l  as t h e  t h e o r e t i -  
c a l  energy p e r  b i t  t o  n o i s e  d e n s i t y  r a t i o  and i t s  d e g r a d a t i o n  due 
to imper fec t  g e n e r a t i o n  of t h e  l o c a l  da t a  c lock .  
t h e n  d e r i v e d  to permi t  o p t i m i z a t i o n  of t h i s  f i g u r e  of m e r i t .  For 
a g i v e n  RF demodulat ion scheme, t h e  ou tpu t  e r r o r  r a t e  of a d i g i t a l  
t r a n s m i s s i o n  system i s  dependent on t h e  r a t i o  o f  s i g n a l  energy  p e r  
b i t  to n o i s e  d e n s i t y ,  Eb/No (Reference  1) .  Assuming p e r f e c t  b i t  
s y n c h r o n i z a t i o n  a t  t h e  r e c e i v e r ,  t h e  t h e o r e t i c a l  da t a  r a t e  which 
can  b e  r e c e i v e d  i s  g iven  b y :  
Techniques a r e  
C / N o  1 -  
* T = r g -  Eb’NO 
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where C / N o  i s  t h e  r e c e i v e d  average c a r r i e r  power t o  n o i s e  d e n s i t y  
r a t i o  and -rB i s  t h e  b i t  d u r a t i o n .  
p e r f e c t  b i t  s y n c h r o n i z a t i o n  i s  d i f f i c u l t  to a c h i e v e .  Because o f  
n o i s e ,  a l o c a l  c l o c k  d e r i v e d  from t h e  i n p u t  da ta  stream a t  t h e  
r e c e i v e r  w i l l  n o t  be i n  phase w i t h  t h e  da ta .  The r e s u l t i n g  de- 
g r a d a t i o n  i n  e f f e c t i v e  Eb/No can be approximated b y  i n c l u d i n g  a 
f a c t o r  o f  cos  e where e i s  t he  phase  e r r o r .  Thus to main ta in  
t h e  d e s i r e d  e r r o r  r a t e ,  t h e  r equ i r ed  energy p e r  b i t  to n o i s e  
I n  a p r a c t i c a l  s y s t e m ,  however, 
2 
Eb/No;  and t h e  modi f ied  data  r a t e  1 d e n s i t y  r a t i o  would b e  
C O S  e 
C/No 2 R = m  . COS e (2-5) 
R e f e r r i n g  t o  F igu re  2 - l ( b ) ,  t h e  b u r s t  da ta  ra te ,  R, can a l s o  
be r e l a t e d  t o  t h e  baseband data r a t e ,  Ri, as 
rn 
I F  i q  R = R  
where Ti i s  the  da ta  i n t e r v a l  p e r  b u r s t  d u r a t i o n .  T h a t  i s ,  
(2-7) 
where N i s  t h e  t o t a l  number o f  e q u a l  data  t i m e  slots i n  t h e  frame. 
With t h e  a i d  of Equat ions  ( 2 - 2 )  and (2-7), t h e  o u t p u t  da ta  r a t e  
can b e  w r i t t e n  e x p l i c i t l y  a s :  
N R = R  - 
i r l  
The t o t a l  number of a c c e s s e s  N of a TDA system can  f i n a l l y  be 
o b t a i n e d  by combining Equat ions (2-5) and (2-8). 
2 cos  e N = -  
Ri 
For a given base band da ta  r a t e ,  Ri, and a r e c e i v e d  c a r r i e r  t o  
n o i s e  d e n s i t y  r a t i o ;  C/No,  a f i g u r e  of mer i t  f o r  a TDA system 
can  be def ined  as 
2-7 
2 
COS e m F = q  
o r  more e x p l i c i t l y  w i t h  t h e  a i d  of Equa t ion  (2 -3 )  as 
(2-10) 
(2-11)  
The concept  of  a f i g u r e  o f  m e r i t  can  be s u i t a b l y  used as a 
basis  f o r  o p t i m i z a t i o n  o f  a TDA system. It can be c o n v e n i e n t l y  
s e p a r a t e d  i n t o  t h r e e  s e p a r a t e  terms, each  of which can  be maxim- 
i z e d i n d e  pe nd e n t  1 y . 
2 . 4 . 1  RF S y n c h r o n i z a t i o n  
~ R F  The t e rm conta ined  i n  Equa t ion  (2 -11)  i s  a f u n c t i o n  
of t h e  modula t ion  scheme and c a r r i e r  s y n c h r o n i z a t i o n  t e c h n i q u e .  
T o  de t e rmine  t h e  number of symbols r e q u i r e d  a t  t h e  beg inn ing  of 
a b u r s t  to e s t a b l i s h  t h e  RF phase and f r equency  f o r  d i f f e r e n t  
modu la t ion  schemes, it i s  u s e f u l  t o  c o n s i d e r  a c o n s t a n t  e r r o r  
r a t e  f o r  t h e  system and r e p r e s e n t  t h e  RF e f f i c i e n c y  
b o  
- RF _ _  = I -  
~ R F  TF - TFS - TG - TBS 
as 
RF = 1 - -  
B 
n 
~ R F  n 
(2-12)  
(2 -13)  
where nRF i s  t h e  t o t a l  number o f  symbols p e r  b u r s t  r e q u i r e d  f o r  
RF s y n c h r o n i z a t i o n  and ng i s  the  t o t a l  number of symbols p e r  
b u r s t .  For a g iven  b u r s t  i n t e r v a l ,  t h e  number of symbols r e q u i r e d  
f o r  RF s y n c h r o n i z a t i o n  nRF, will v a r y  f o r  d i f f e r e n t  modulat ion 
schemes. A l s o  t h e  q u a n t i t y  Eb/No must be o b t a i n e d  f r o m  t h e  e r r o r  
ra te  performance of v a r i o u s  d i g i t a l  modula t ion  t e c h n i q u e s .  
It i s  w e l l  known t h a t  i f  a cohe ren t  PSK modula t ion  scheme 
i s  employed, a c l e a n  v e r s i o n  of  t h e  c a r r i e r  must be provided  a t  
2-8 
t h e  b e g i n n i n g  of each  b u r s t  f o r  demodulat ion.  The number of 
symbols r e q u i r e d  to e s t a b l i s h  t h e  l o c a l  phase of t h e  r e f e r e n c e  
c a r r i e r  i s  determined i n  g e n e r a l  by t h e  method of synchron iza -  
t i o n  and t h e  r e q u i r e d  Eb/No. 
a s e l f - s y n c h r o n i z i n g  method i n  which t h e  phase of t h e  r e f e r e n c e  
c a r r i e r  i s  d e r i v e d  from t h e  modulated s i g n a l  by means of a s q u a r -  
i n g  loop .  Curves f o r  e r r o r  p r o b a b i l i t y  as a f u n c t i o n  of Eb/No 
a r e  a l s o  g iven  by Lindsey,  f o r  d i f f e r e n t  v a l u e s  of 6 ,  which i s  a 
pa rame te r  d e f i n e d  e s s e n t i a l l y  as t h e  r a t i o  of t h e  data r a t e  t o  
t h e  n o i s e  bandwidth of t h e  phase l o c k  loop .  From t h e s e  c u r v e s ,  
one can  e a s i l y  c o n s t r u c t  curves  f o r  E ~ / N ~  as a f u n c t i o n  of  6 f o r  
c o n s t a n t  e r r o r  p r o b a b i l i t i z s .  Such a curve  i s  shown i n  F igu re  
2-2 f o r  a n  e r r o r  p r o b a b i l i t y  of 
Lindsey (Reference  2 )  has ana lyzed  
The s e t t l i n g  t ime  of t h e  loop  i s  a f u n c t i o n  of the n o i s e  
bandwidth of t h e  l o o p  (BL)  and t h e  i n i t i a l  phase and f requency  
e r r o r s .  It i s  d e r i v e d  i n  Appendix A as :  
The number o f  symbols r e q u i r e d  f o r  RF s y n c h r o n i z a t i o n  i s  : 
= 3 . 0  6 3 . 0  R 
BL n = T S . R =  RF 
(2-14) 
(2-15) 
F o r  example, i f  6 i s  i n  t h e  range from 1 t o  5 ,  t h e  number of sync 
symbols r e q u i r e d  i s  i n  t h e  range from 3 t o  15. The s e t t l i n g  t ime 
of t h e  loop, however, can  be  c o n s i d e r a b l y  reduced by employing a 
d u a l  loop  t e c h n i q u e ,  ana lyzed  i n  Appendix A. It i s  shown t h a t  
w i t h  a d u a l  l oop  c o n f i g u r a t i o n ,  t h e  s e t t l i n g  t ime of t h e  loop  can  
be made l e s s  t h a n  two symbol d u r a t i o n s .  
qRF i s  p l o t t e d  as a f u n c t i o n  EbJT'To I n  F i g u r e  2-3, t h e  q u a n t i t y  
of t h e  number of symbols ng i n  a b u r s t  f o r  t h e  d i f f e r e n t  modula- 
t i o n  schemes cons ide red .  For cohe ren t  PSK, i s  g iven  by ~ R F  EbJrJo 
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U 
Eb where t h e  r e l a t i o n s h i p  - (6) v e r s u s  6 ,  d e r i v e d  from L indsey ' s  
d a t a ,  i s  shown i n  F igu re  2-2 for lo-' e r r o r  p r o b a b i l i t y .  NO 
A v a r i a t i o n  of t h e  coherent  PSK system i s  t h e  d i f f e r e n t i a l l y  
c o h e r e n t  PSK system (DCPSK). 
veyed by t h e  phase d i f f e r e n c e  of  t h e  t r a n s m i t t e d  s i g n a l  between 
a d j a c e n t  s i g n a l  e l emen t s .  
c e i v e d  s i g n a l s  i s  no t  r e q u i r e d  a t  t h e  r e c e i v e r .  
t i o n  scheme, t h e  f i r s t  symbol i n  t h e  b u r s t  i s  used t o  e s t a b l i s h  
phase ;  t h e  remain ing  symbols use  t h e  immediately p r e c e d i n g  symbol 
f o r  a phase r e f e r e n c e .  
I n  t h i s  system i n f o r m a t i o n  i s  con- 
Thus, t h e  a b s o l u t e  phase  of t h e  r e -  
For  t h i s  modula- 
Thus, f o r  DCPSK, we g e t  w i t h  n RF = 1, 
(2-17)  
which i s  a l s o  p l o t t e d  i n  Figure 2-3 f o r  d i r e c t  comparison w i t h  
CPSK. The v a l u e  of Eb/No r equ i r ed  f o r  a n  e r r o r  r a t e  of lo-' w i t h  
DCPSK i s  9.3 dB. 
D i f f e r e n t i a l l y  cohe ren t  phase s h i f t  key ing  i s  sometimes 
d i s c a r d e d  because o f  the propens i ty  f o r  a d j a c e n t  e r r o r s  t o  
occur .  However, t h e s e  double e r r o r s  do not  occur  a t  a l l  t i m e s .  
That i s ,  t h e  p r o b a b i l i t y  o f  e r r o r  i n  t h e  ( j  + 1 ) - t h  b i t ,  on t h e  
h y p o t h e s i s  t h a t  a n  e r r o r  occurs  on t h e  j - t h  b i t ,  i s  not  u n i t y .  
A t h e o r e t i c a l  d e r i v a t i o n  (Reference 3 )  o b t a i n s  a c o n d i t i o n a l  
p r o b a b i l i t y  of a double  e r r o r ,  g iven  a s i n g l e  error,  of a p p r o x i m a t e l '  
0 . 1 7  a t  an E /N of  9 . 3  dB f o r  a d d i t i v e  Gaussian n o i s e .  F u r t h e r ,  
Reference  3 shows an exper imenta l  va lue  o f  0 . 0 6  for t h e  same 
Eb/No.  T h u s ,  t h e  occur rence  o f  double  e r r o r s  i s  not  a major 
problem i n  DCPSK systems a t  the Eb/No n o r m a l l y  used.  
b o  
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D i g i t a l  d i f f e r e n t i a l  d e t e c t i o n  ( o r  d i f f e r e n t i a l l y  coded PSK) 
i s  sometimes employed i n  a CPSK system t o  r e s o l v e  t h e  180" phase 
ambigui ty .  I n  t h i s  t y p e  system t h e  c o n d i t i o n a l  p r o b a b i l i t y  of t h e  
second e r r o r  g i v e n  t h e  f i r s t  e r r o r  i s  e s s e n t i a l l y  u n i t y .  Thus, any 
e r r o r  c o r r e c t i n g  codes employed must p rov ide  f o r  t h e  c o r r e c t i o n  o f  
a d j a c e n t  e r r o r s .  
A noncoherent  form of  modulation s u c h  a s  noncoherent  FSK 
j.s easy  t o  implement and,  be ing  noncoherent ,  does n o t  r e q u i r e  
t h e  e s t a b l i s h m e n t  of c a r r i e r  phase and f r equency ,  assuming t h a t  
t h e  r a t e  o f  change o f  Doppler i s  s m a l l  compared t o  t h e  d a t a  r a t e .  
I t  w i l l  be assumed t h a t  t h e  Doppler r a t e  i s  n e g l i g i b l e  compared 
t o  t h e  d a t a  r a t e s  of i n t e r e s t .  (See  Appendix A . )  
= 1 s i n c e  no symbols  a r e  r e q u i r e d  f o r  
r, RF For noncoherent  FSK, 
RF s y n c h r o n i z a t i o n .  
Thus : 
TRF 1 
Eb/No=EbJNo (2-18) 
which i s  independent  o f  n The performance o f  noncoherent  FSK 
i s  also p l o t t e d  i n  F igure  2-3. It is i n f e r i o r  t o  b o t h  CPSK 
and DCPSK modulat ion schemes f o r  l a r g e  ng. 
B' 
2 . 4 . 2  B i t  Synchron iza t ion  
2 
I n  t h i s  paragraph ,  o p t i m i z a t i o n  of qBscos 8 con ta ined  i n  
Equa t ion  (2-11)  w i l l  be cons idered  f o r  d i f f e r e n t  s y n c h r o n i z a t i o n  
t e c h n i q u e s .  The f a c t o r ,  qgs, i s  t h e  b i t  s y n c h r o n i z a t i o n  e f f i -  
c i e n c y  and accoun t s  f o r  t h e  f r a c t i o n  of t ime d u r i n g  a frame i n t e r -  
v a l  devoted t o  b i t  synchron iza t ion .  If m symbols are used f o r  
b i t  s y n c h r o n i z a t i o n  i n  every  frame of n symbols, t h e  b i t  sync 
e f f i c i e n c y  can  be conven ien t ly  r e p r e s e n t e d  by 
m = 1 - -  
rlBS n 
2-13 
(2-19) 
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The phase jitter, 8, on the output o f  a bit synchronizer, is 
a random variable which can be approximated by a Gaussian distri- 
but ion : 
(2-20) 
Thus, the expected value of e -  wtth zero mean and variance o 2 . cos 8 is given by the first moment, BS 
W 
COS 2 e = (1 - $) j COS 2 8 p(8) d 8  BS 
-m 
(2-21) 
The integration can be easily performed, and we obtain 
2 -20 
(2-22) 
l + e  
qBS 
2 The expected value of rlBS COS 8 can be determined using Equation 
(2-22) f o r  both bit coherent and noncoherent synchronization 
techniques. 
2.4.2.1 Bit Coherent Synchronization 
In most bit synchronization techniques, where the input sig- 
nals are perturbed by noise, the local clock is derived from the 
data using a bit synchronizer, which is a form of phase-lock loop 
that locks on the baseband data. In a bit coherent system, the 
data clocks for all transmissions are coherent or synchronized. 
The local clock is derived from the frame synchronization symbols 
at the beginning of each frame. The resulting clock is maintained 
throughout the remainder of the frame and is employed to demodul- 
ate the data in all bursts. There will be a phase error 8 between 
the clock and the data bursts due to errors in deriving the clock 
2-14 
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and errors in the positioning of the bursts. E r r o r s  due to burst 
positioning are discussea in Paragraph 2.4.3; errors in deriving 
the clock are discussed in the following paragraphs. Obviously, 
if the burst positioning errors are large compared to a symbol 
duration, bit coherent synchronization cannot be used. 
First, a sequence of m symbols in the frame sync is used t o  
establish the phase of a local clock using a phase-locked loop. 
At. the end of this sequence, provided the steady-state condition 
of the loop is reached, the variance of the phase error is (Ref- 
erence 4): 
( 2 - 2 3 )  
where S / N  is the signal-to-noise ratio in the loop bandwidth. 
settling time of the loop of twice the reciprocal of the noise 
bandwidth is adequate if the initial phase error is less than 
about n/4 radians. The noise power is then: 
A 
(2-24) 
and 
for Eb = S TB = signal energy per bit. 
After the end of the synchronizing symbols, an additional 
phase error will accumulate due to frequency errors. The total 
worst case error occurs at the end of the frame just before the 
beginning of the next sequence. For a frame length of n symbols 
(excluding the frame sync and guard band) of duration TF = -, 2 m  
the worst case error is Wb 
(2-26) 
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where w0 i s  t h e  f r equency  e r ro r .  
independence between t h e  two terms i s  
The t o t a l  v a r i a n c e  assuming 
(2 -27)  
where 
2 "0)2 
0 = (2TT - 
Wb UJ 
(2-28)  
It i s  assumed t h a t  bo th  e r r o r s  have a mean of  z e r o  s o  t h a t  t h e  
v a r i a n c e  i s  i d e n t i c a l  to the  second moment. 
The c l o c k  f r equency  may be  s t o r e d  between t h e  s u c c e s s i v e  
frames i n  s e v e r a l  ways. Two of t h e s e  w i l l  be c o n s i d e r e d .  
2 . 4 . 2 . 1 . 1  I n s t a n t a n e o u s  Frequency S t o r a g e  
A t  t h e  end of t h e  group of synchron iz ing  symbols,  t h e  VCO 
v o l t a g e  i s  clamp3d so t h a t  t he  l as t  f requency  i s ,  i n  e f f e c t ,  
s t o r e d  on t h e  VCO. I f  t h e  phase n o i s e  of t h e  VCO i t s e l f  i s  kept  
s m a l l ,  t h e n  t h e  f requency  e r r o r  i s  t h a t  due to t h e  i n s t a n t a n e o u s  
f r equency  f l u c t u a t i o n s  caused by t h e  i n p u t  n o i s e .  The spec- 
t r a l  d e n s i t y  of  t h e  i n s t a n t a n e o u s  frequency n o i s e  caused b y  a 
w h i t e  a d d i t i v e  Gaussian n o i s e  i s  a l s o  Gaussian.  I ts  s p e c t r a l  
d e n s i t y  r i s e s  w i t h  t h e  square  of  f requency  and i s  u l t i m a t e l y  l i m -  
i t e d  by t h e  bandpass f i l t e r  t h a t  preceded t h e  l o o p ,  i n  cascade  
w i t h  t h e  c l o s e d  loop  system f u n c t i o n .  The minimum v a r i a n c e  t h a t  
can  be ob ta ined  i s  (Reference 5 ) :  
(2-29)  
where BL i s  t h e  n o i s e  bandwidth. 
The a n g u l a r  f requency  va r i ance  can be w r i t t e n  i n  te rms  of t h e  
phase  v a r i a n c e  w i t h . t h e  a i d  of Equat ions  (2-24)  and (2-25) as 
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2 2 1.19 
ow = 0 
eo ( m  T b j 2  ( 2 - 3 0 )  
Thus, u s i n g  Equa t ions  (2-27)  and (2-30)  t h e  v a r i a n c e  of t h e  phase 
e r r o r  i s  
2 [I + 1.19 w] 
= ‘Eb/No m (2 -31)  
2 The expec ted  v a l u e  of  qgs cos  8 ,  g iven  i n  Equat ion  (2 -22) ,  
A graph  can  now be e v a l u a t e d  w i t h  t h e  h e l p  of Equa t ion  (2 -31) .  
of Equa t ion  (2-22)  as a f u n c t i o n  of m/n i s  shown i n  F igu re  2-4 
f o r  s e l e c t e d  v a l u e s  of  m Eb/No. The cu rves  i n d i c a t e  a maximum 
of  (qBS cos  8 ) f o r  c e r t a i n  combinat ions of m, n, and Eb/No. 
de t e rmine  t h e  maximum(7 
To 2 
2 cos 8 ) f o r  a g iven  v a l u e  of n and Eb/No, BS 
i t  i s  conven ien t  t o  substitute x f o r  m/n, in Equations ( 2 - 2 2 )  
and ( 2 - 3 1 ) .  Thus, w e  o b t a i n  
2 
C O S  8 = (1 - x) BS 
and 
[I + 1.19 2 2 -   ‘8 n x Eb/No X 
(2-32)  
(2-33)  
2 Taking t h e  p a r t i a l  d e r i v a t i v e  of q cos  8 w i t h  r e s p e c t  t o  x and 
e q u a t i n g  t o  ze ro ,  we g e t  ( w i t h  t h e  approximat ion  o2 << 0.5)  
BS 
e 
1 - 2  (2-34) 
n E ~ / N ~  x 2 = ( 3  - 2x)  1 + 1.19 ( - x ) 2 ]  
A g e n e r a l  s o l u t i o n  of Equat ion (2-34) i s  r a t h e r  involved .  However, 
it can  be s i m p l i f i e d  f o r  t h e  range of i n t e r e s t  0 .01 < x < 0.15, 
i . e . ,  0.99 > qgs > 0:85, and we o b t a i n :  
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(1 - x ) 2  n Eb/No X2 M 3-57 2 
X 
which has  t h e  g e n e r a l  s o l u t i o n  
1 - _ -  
op t  2 X 
(2-35) 
(2-36) 
as a f u n c t i o n  of frame l e n g t h  n a r e  
op t  
IC Figure  2-5 graphs of x 
shown f o r  v a r i o u s  v a l u e s  of Eb/No. 
f r o m  Equat ion  (2-36)  i n t o  Equat ion (2-32)  g i v e s  t h e  maximum of 
(%S b 0' 
F i g u r e  2-6. 
S u b s t i t u t i n g  t h e  v a l u e  of x 
This  i s  p l o t t e d  i n  2 cos  @ ) f o r  a g iven  va lue  of n and E /N 
2 . 4 . 2 . 1 . 2  Average Frequency Storage  
Under c o n d i t i o n s  of low Doppler and a s t a b l e  c l o c k  source ,  
t h e  data  r a t e  v a r i e s  s lowly  and a n  average i n s t e a d  of a n  i n s t a n -  
t aneous  v o l t a g e  can  be clamped on t h e  VCO between groups of syn- 
c h r o n i z i n g  symbols. I n  t h e  case of near-synchronous o r b i t s  t h e  
t ime i n t e r v a l  t h a t  i s  a v a i l a b l e  f o r  ave rag ing  becomes q u i t e  l a r g e  
s o  t h a t  t h e  frequency e r r o r s  a r e  t h e n  determined p r i m a r i l y  by t h e  
s t a b i l i t y  of t h e  frequency source and t h e  VCO. I f  a c r y s t a l  VCO 
i s  employed, a s t a b i l i t y  of one p a r t  i n  lo6 t o  10  
Using a c l o c k  f requency  a t  h a l f  t h e  symbol r a t e  t h e  second term 
of Equat ion (2-27) i s :  
8 i s  r easonab le .  
(2-37)  
f o r  r e l a t i v e  f requency  s t a b i l i t y ,  s .  The wors t  ca se  v a r i a n c e  of 
t h e  phase e r r o r  i s  t h e n  
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o r  w i t h  x = m/n, 
2 2 2  2 + s TT n (1 - x )  1 2 -   nx E ~ / N ~  (2-39)  
2 T o  de te rmine  t h e  maximum o f ( ?  BS cos  8 ) f o r  a known v a l u e  of n ,  
s ,  and Eb/No w e  t a k e  t h e  p a r t i a l  d e r i v a t i v e  of Equa t ion  (2-22)  
w i t h  r e s p e c t  t o  x and s e t  it equa l  t o  zero .  With t h e  assumpt ion  
o2 << 0.5, w e  o b t a i n :  e 
(2-40)  
For  x << 1, (1 - x ) ~  m 1 - 2x and the  p r e c e d i n g  e q u a t i o n  can  be 
f u r t h e r  s i m p l i f i e d :  
= o  1 
2 2 2  2 l - s l l n ) ,  - 
*3 + ( 2 2n Eb/No (2-41)  
I n  a p r a c t i c a l  system, s2n2n2 << 1, t o  keep t h e  phase  j i t t e r  s m a l l .  
I f  w e  now c o n f i n e  x t o  t h e  r e g i o n  0.01 < x < 0.15 w e  can n e g l e c t  
x3 i n  Equat ion  (2-41) and get t h e  approximate s o l u t i o n  
(2-42) 1 -  
op t  2 2 2  
X 
n E ~ / N ~ ( ~  - s TT n ) 
as a f u n c t i o n  of n ,  f o r  v a r i o u s  v a l u e s  of s 
o p t  
Graphs o f  x 
and Eb/No, a r e  shown i n  F igure  2-7.  
which t h e  phase j i t t e r  i s  less t h a n  0 . 1  i s  i n d i c a t e d .  
t h e  r e g i o n  of p r a c t i c a l  i n t e r e s t  and i s  t h e  r e g i o n  f o r  which x o p t  
was d e r i v e d .  
of low phase j i t t e r  can be extended to h i g h e r  v a l u e s  of  n .  
2 
i n t o  Equat ion  ( 2 - 2 2 ) .  P l o t s  of (nBscos 0)nax a s  a f u n c t i o n  of  
n are  shown i n  F igu re  2-8 f o r  d i f f e r e n t  v a l u e s  o f  s and Eb/No.  
For a g iven  s ,  t h e  r e g i o n  i n  
T h i s  i s  
By i n c r e a s i n g  t h e  s t a b i l i t y  of t h e  c l o c k ,  t h e  r eg ion  
The 
maximum v a l u e  of (nBScos  0)can b e  determined b y  s u b s t i t u t i n g  x op t  
2 
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2 . 4 . 2 . 2  B i t  Noncoherent Synchron iza t ion  
I n  a b i t  noncoherent  system, each b u r s t  i s  independen t ly  
c locked  and a l o c a l  c l o c k  can be d e r i v e d  f rom s y n c h r o n i z a t i o n  
s y m b o l s  a t  t h e  beg inn ing  o f  each b u r s t .  T h i s  system would be 
employed when t h e  phase j i t t e r  due to t h e  b u r s t  p o s i t i o n  system 
i s  l a r g e  compared to t h e  symbol d u r a t i o n  and hence,  b i t  coherence 
can no t  be ma in ta ined  from b u r s t  t o  b u r s t .  
If t h e  b i t  s y n c h r o n i z e r  r e q u i r e s  mB symbols each  b u r s t  t o  
d e r i v e  t h e  l o c a l  c l o c k ,  t h e  v a r i a n c e  of t h e  phase e r r o r  i s  g i v e n  
by Equa t ion  (2-25), 
(2-43)  
T h i s  i s  t h e  phase j i t t e r  a f t e r  t h e  mg s y n c h r o n i z a t i o n  symbols and 
r e p r e s e n t s  t h e  w o r s t  c a s e  s i n c e  t h e  b i t  synchron ize r  would c o n t i n u e  
t o  o p e r a t e  d u r i n g  t h e  remainder of t h e  b u r s t  and f u r t h e r  reduce  
t h e  e r r o r .  
i s  g i v e n  by: 
2 
For  a noncoherent  system t h e  expec ted  va lue  of(qBscos e )  
(2 -44)  
2 
The maximum v a l u e  of qBscos e can  be determined i n  a way ana logous  
t o  t h e  p r e c e d i n g  s e c t i o n s .  
t a i n  t h e  e x a c t  s o l u t i o n  
With xB = mB/ny and o2 e << 0 . 5  we ob- 
-1 + + + nB E ~ / N ~  
n E N  
- 
o p t  B b’ o XB 
(2-45)  
i s  p l o t t e d  as a f u n c t i o n  of t h e  b u r s t  
The maximum v a l u e  of 
o p t  
B I n  F igu re  2-9, x 
l e n g t h  nB, f o r  d i f f e r e n t  va lues  of Eb/No. 
7 BS 
2 cos  8 i s  ob ta ined  by s u b s t i t u t i n g  Equat ion  (2-45) i n  Equat ion  
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( 2 - 4 4 ) .  A graph  o f  as a f u n c t i o n  of ng i s  g iven  i n  
F i g u r e  2-10.  
2.4.3 Frame Synchron iza t ion  
The frame e f f i c i e n c y ,  qF, a c c o u n t s  f o r  t h e  f r a c t i o n  of t o t a l  
frame t i m e  devoted t o  f raming  and b u r s t  s y n c h r o n i z a t i o n .  From 
E q u a t i o n  ( 2 - 3 )  
m rn 
which may a l s o  be r e p r e s e n t e d  as:  
(2-46 ) 
(2-47) 
where n = T o t a l  number o f  symbols i n  a frame 
T o t a l  number o f  symbols devoted f o r  frame synchroniza-  nFS = 
t i o n  
n = T o t a l  number of symbols used f o r  guard bands 
To i n c r e a s e  t h e  frame e f f i c i e n c y  i t  i s  e s s e n t i a l  t o  r educe  t h e  
G 
number of frame synchron iza t ion  symbols t o  a small f r a c t i o n  of  t h e  
frame l e n g t h ,  n, and minimize t h e  guard bands between b u r s t s .  The 
frame l e n g t h s  be ing  cons idered  i n  t h i s  s t u d y  a r e  on t h e  o r d e r  of  a 
thousand b i t s  or more ( 6  da t a  b i t s / b u r s t  p l u s  1 guard b i t  f o r  each  
of 2 0 0  a c c e s s e s ) .  T h e  I R I G  PCM t e l e m e t r y  s t a n d a r d  u s e s  a 31 -b i t  
word f o r  synch w i t h  a maximum frame l e n g t h  of  2048 b i t s  f o r  a n  e f f i -  
c i ency  of  9 8 . 5  p e r c e n t .  C e r t a i n  c h a r a c t e r i s t i c s  of a TDA system 
such  as knowledge of t h e  b u r s t  l e n g t h  and t h e  e x i s t e n c e  of  t h e  guard 
bands c a n  be  used t o  improve t h e  synch performance. T h e r e f o r e ,  de- 
due t o  t h e  p re sence  of  frame g r a d a t i o n  i n  t h e  frame e f f i c i e n c y ,  
synch symbols can b e  made small and i t  w i l l  b e  n e g l e c t e d .  
% Y 
I n  a b i t  cohe ren t  system, t h e  guard  band between each  b u r s t  must 
b e  a n  i n t e g r a l  number of  symbols. 
( N  + 1) symbols f o r  N b u r s t s .  To r e a l i z e  t h i s  minimum v a l u e  f o r  
n t h e  e r r o r s  i n  t h e  b u r s t  p o s i t i o n  system must be much less t h a n  
one symbol. 
Thus,  t h e  minimum v a l u e  of  nG,  i s  
G’ 
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2.4.3.1 Burs t  P o s i t i o n  E r r o r s  
The b u r s t  p o s i t i o n  e r r o r s  can  be s e p a r a t e d  i n t o  t h e  d e t e r m i -  
n i s t i c  e r r o r s  of  a s e r v o  system and t h e  s t a t i s t i c a l  e r r o r s  caused 
by n o i s e  i n  t h e  i n p u t  s i g n a l s .  To d e s c r i b e  t h e  b u r s t  p o s i t i o n  
e r r o r s  a p a r t i c u l a r  frame o r g a n i z a t i o n  i s  used. A mas te r  s t a t i o n  
t r a n s m i t s  a frame sync code a t  t h e  beg inn ing  of t h e  frame; t h e  
remainder  of t h e  frame i s  devoted t o  N t ime s l o t s .  S t a t i o n  k 
d e r i v e s  a l o c a l  r e f e r e n c e  c lock  from t h e  frame sync and u s e s  i t  
t o  measure t h e  t ime of  occurrence  of e v e n t s  r e c e i v e d .  
To p o s i t i o n  i t s  own b u r s t , s t a t i o n  k measures t h e  t ime of 
o c c u r r e n c e  of t h e  frame sync  and t h e  t ime of occur rence  of i t s  
own b u r s t .  The r e s u l t  i s  compared w i t h  t h e  d e s i r e d  t ime of  a r -  
r i v a l  and t h e  d i f f e r e n c e  used t o  c o r r e c t  t h e  t r a n s m i s s i o n  t ime 
and reduce  t h e  e r r o r .  Thus, time a t  a s l a v e  s t a t i o n  can  be d e -  
s c r i b e d  as shown i n  F igu re  2-11. 
Cons ide r ing  ze ro  t ime as t h e  measured t ime of occur rence  of 
t h e  frame sync,  t h e  p o i n t s  i n  t ime t h a t  a r e  of i n t e r e s t  are:  
t A Actua l  t i m e  of occur rence  of t h e  frame sync 
t ' A  Measured t ime of occurrence of t h e  frame sync a t  t h e  
o =  
o =  
k-th s t a t i o n  
t A The d e s i r e d  t ime of occur rence  (of  t h e  k - th  b u r s t )  k =  
a c c o r d i n g  t o  a n  i d e a l  c l o c k  
t k ' b  The d e s i r e d  t ime of occur rence  a c c o r d i n g  to t h e  l o c a l  
r e f e r e n c e  c l o c k  a t  t h e  k - t h  s t a t i o n  
t A Actua l  t i m e  of  occur rence  a c c o r d i n g  t o  t h e  i d e a l  c l o c k  
t ' A  Measured t i m e  of occur rence  u s i n g  t h e  l o c a l  c l o c k  
The b u r s t  p o s i t i o n  e r r o r  c o n s i s t s  of s e v e r a l  t e rms .  The 
m =  
m =  
f i r s t  e r r o r  tk '  - t 
of  occur rence  of t h e  frame sync and a t r a n s l a t i o n  e r r o r  c t  due 
t o  any  f requency  e r r o r  i n  t h e  l o c a l  r e f e r e n c e  c l o c k .  Thus, 
i n c l u d e s  a measurement e r r o r  cmS of t h e  t ime k 
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- The e r r o r  tm‘ - tk i s  t h e  measurement e r r o r  ‘ms -t ‘ t o  tk‘  - tk - 
of t h e  t ime of a r r i v a l  of t h e  k- th  s i g n a l ,  ckS ,  p l u s  t h e  b u r s t  
p o s i t i o n  e r r o r  a c c o r d i n g  t o  t h e  l o c a l  c l o c k .  The a c t u a l  e r r o r  
s i g n a l  should  be tm - tk  bu t  t he  one measured i s  
(2-48) 
The t h r e e  e r r o r s  a r e  independent, random v a r i a b l e s  w i t h  ze ro  
mean. 
s e r v o  loop .  
The remain ing  e r r o r  i s  t h e  d e t e r m i n i s t i c  e r r o r  cb of t h e  
The s e r v o  loop  w i l l  have a t ime c o n s t a n t  which i n  e f f e c t  
If  t h e  t ime  c o n s t a n t  i s  e q u a l  a v e r a g e s  t h e  measurement e r r o r s .  
t o  P p e r i o d s ,  t h e  t o t a l  b u r s t  p o s i t i o n  e r r o r  can be r e p r e s e n t e d  by: 
where 0 r e p r e s e n t s  t h e  s t anda rd  d e v i a t i o n  of each  random v a r i a b l e  
and p . f .  i s  t h e  peak f a c t o r  t h a t  i s  d e s i r e d ,  (:.e., t h e  number of 
s t a n d a r d  d e v i a t i o n s  r e q u i r e d  f o r  a n  adequa te  margin; f o r  example, 
p . f .  = 3 r e s u l t s  i n  a p r o b a b i l i t y  of 2 x 
be exceeded) .  
t h a t  t h e  margin w i l l  
The same e r r o r s  occur  a t  a t h i r d  s t a t i o n  t h a t  i s  t o  r e c e i v e  
t h e  t r a n s m i s s i o n  from s t a t i o n  k.  This  r e c e i v i n g  s t a t i o n  must 
a l s o  g e n e r a t e  a l o c a l  r e f e r e n c e  c l o c k  from t h e  frame synchroniza-  
t i o n .  T h i s  l o c a l  r e f e r e n c e  c lock  w i l l  have a phase e r r o r  w i t h  
r e s p e c t  t o  t h e  k - th  b u r s t  i n  a d d i t i o n  t o  t h e  b u r s t  p o s i t i o n  e r r o r .  
T h i s  e r r o r  can  be d e s c r i b e d  by a measurement e r r o r  and t r a n s l a t i o n  
e r r o r  such as t h a t  of  t k /  - tk of t h e  k- th  s t a t i o n .  
2 . 4 . 3 . 2  Burst Synchron iza t ion  System 
The mathemat ica l  model f o r  t h e  b u r s t  s y n c h r o n i z a t i o n  system 
i s  shown i n  F igu re  2-12. 
a c h i e v e  p e r f e c t  placement  of t h e  b u r s t  i n  i t s  a s s igned  t ime s l o t  
The d e s i r e d  v a l u e  of d e l a y ,  T ~ ,  t o  
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i s  compared w i t h  t h e  a c t u a l  va lue  of d e l a y ,  T ~ ,  t o  g e n e r a t e  t h e  
d e l a y  e r r o r ,  E .  T h i s  e r r o r  i s ,  however, observed on ly  a t  i n t e r -  
v a l s  (once eve ry  frame f o r  each b u r s t )  of p e r i o d  T ,  which may be 
s e t  e q u a l  t o  t h e  frame i n t e r v a l  TF. 
f i g u r e  by a sampl ing  swi t ch .  The sampled e r r o r  a t  i t s  o u t p u t  E *  
i s  o p e r a t e d  on by a f i l t e r ,  which has  a second o r d e r  t r a n s f e r  
f u n c t i o n  of  t h e  form 
This  i s  r e p r e s e n t e d  i n  t h e  
K, 
(2-50) 
The e f f e c t  of t h e  t r a n s f e r  func t i -on  F ( s )  i s  to c o n t r o l  t h e  d e l a y  
i n  t h e  system. However, i t s  e f f e c t  i s  no t  f e l t  u n t i l  a l a t e r  
t ime because of t h e  i n h e r e n t  p ropaga t ion  d e l a y  Td .  
p r e s e n t e d  i n  F i g u r e  2-12 by e -s Td 
be expres sed  as n + 1 p e r i o d s  of  T ,  o r  
T h i s  i s  r e -  
The p r o p a g a t i o n  d e l a y  can 
- n + ~  Td T 
-  (2-51)  
where n i s  a n  i n t e g e r  and 1 l i e s  between z e r o  and one. Because 
of  t h e  sampled da ta  n a t u r e  of  t h e  system, it i s  convenient  t o  use  
t h e  z - t r ans fo rm method of  a n a l y s i s .  A modi f ied  open loop  z t r a n s  
form of a second o r d e r  system of Equa t ion  (2-50)  i s  g iven  by: 
T + I T l  + (1 - X)TJ ( Z  - 1) 
G ( z )  = K2 
Z " ( Z  - q2 (2-52)  
2 . 4 . 3 . 2 . 1  S t a b i l i t y  
The system w i l l  be u n s t a b l e  i f  t h e  c h a r a c t e r i s t i c  e q u a t i o n  
1 + G ( z )  = 0 
has  any r o o t  o u t s i d e  t h e  u n i t  c i r c l e .  I n  t h i s  c a s e  
(2-53)  
2-33 
K2 {T + [T1 + (1 - l ) T ] ( z  - 1) + zn(z - 1j2 = 0 f (2-54 j 
is the characteristic equation. If the integer n is greater than 
one, the process of extracting roots becomes extremely involved. 
Another approach to determine the stability of the system is t o  
replace z by e 
Thus, the gain and phase of the modified open loop function G(eJWT) 
is found to be: 
as w varies. and examine the behavior of G ( e J W T )  j WT 
(2-55) 
and 
(2-56 ) -1 c o t  wT/2 TT (n + * )  wT - tan @ = - - F -  
(2 T 1 - 21 + 1) 
The system is unconditionally unstable if the gain is unity 
when the phase is 180’. 
the following approximations are made which are valid 
for virtually all conditions of interest: 
To simplify the preceding expressions, 
WT - << 1 2 
and W T  (R + 1) >> 2 
T1 where R = 2 ( ~  - h )  
Incorporation of the preceding approximations into Equation 
(2-56) yields 
2-34 
WT 2 1 (Pn+1)--- @ = - - F -  2 wT 
which can be maximized to obtain: 
1 
(R + 1)(2n + 1) 
2 
- WT ( F )  
opt 
(2-57) 
(2-58) 
Substituting Equation (2-58) into Equation (2-57) gives the maximum 
phase 
equal  to -n, y i e l d s  max which, f o r  @ 
(2-59) 
(2-60) 
Equations (2-58) and (2-60) determine the relationship between R 
and n 
2 
= (2) 2n + 1 R + 1  (2-61) 
The magnitude of G(e jwT) at this frequency will be less than 
unity if: 
or with the approximations mentioned above 
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2 .4 .3 .2 .2  Margin 
The p r e c e d i n g  pa rag raphs  were a d i s c u s s i o n  of  t h e  s t a b i l i t y  
c r i t e r i o n  of  a second-order  b u r s t  s y n c h r o n i z a t i o n  system and 
e s t a b l i s h e d  a bound f o r  t h e  maximum a l l o w a b l e  g a i n ,  when t h e  phase 
e q u a l s  180" .  I n  a p r a c t i c a l  system, it i s  customary t o  have some 
phase  margin;  i . e . ,  t o  ensu re  t h a t  when t h e  g a i n  of t h e  system i s  
u n i t y  t h e  phase i s  l e s s  t h a n  180O. This  will prov ide  a margin 
a g a i n s t  g a i n  and phase  v a r i a t i o n s  i n  t h e  system. A phase margin 
can be d e f i n e d  a s :  
(2-64) M = - -  IT 
"max 
o r  from Equa t ion  (2-59) 
(2-65)  
Using, as a n  example, a c o n s e r v a t i v e  v a l u e  f .or M of 4/3, which 
co r re sponds  t o  @max= -$, we o b t a i n  from Equa t ion  (2-65) 
(2-66 ) 
The r e l a t i o n s h i p  between R and n can be e s t a b l i s h e d  from Equa t ions  
(2-58) and (2-66):  
(2-67)  
Thus, Equa t ions  (2-66)  and (2-67) d e s c r i b e  t h e  p o i n t  a t  which t h e  
g a i n  can  be al lowed t o  be u n i t y ,  o r  from Equa t ion  (2-55)  
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I n  p r a c t i c e ,  t h e  f i l t e r  F(S) w i l l  u s u a l l y  be preceded by a 
hold  c i r c u i t ,  i n  which c a s e  the  r e q u i r e d  g a i n  of t h e  f i l t e r  i s  
K 2 '  = K2/T, where T i s  t h e  hold t ime.  
2 .4 .3 .2 .3  B u r s t  P o s i t i o n  Error 
The s t e a d y - s t a t e  e r r o r  of t h e  b u r s t  s y n c h r o n i z a t i o n  system 
a t  any sampl ing  i n s t a n t  ( m T )  may be expres sed  by t h e  e r r o r  s e r i e s  
(Refe rence  6 )  
(2-69) 
where t h e  p o i n t s  i n d i c a t e  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  t ime 
and t h e  e r r o r  c o e f f i c i e n t s  a r e  g i v e n  by t h e  r e l a t i o n  
(2-70)  
W*(s) i s  t h e  s y s t e m - e r r o r  p u l s e - t r a n s f e r  f u n c t i o n  i n  terms of t h e  
s t a r r e d  t r a n s f o r m  which i s  obta ined  by t h e  s u b s t i t u t i o n  z = e . 
The s y s t e m - e r r o r  p u l s e - t r a n s f e r  f u n c t i o n  i n  terms of z - t r ans fo rm 
i s  d e f i n e d  as 
Ts 
w ( z )  = + 
from which t h e  s t a r r e d  t r ans fo rm 
1 
1 + G(eTS) 
w*(s) = 
(2-71)  
(2-72) 
can be e a s i l y  o b t a i n e d .  Thus, f o r  t h e  b u r s t  s y n c h r o n i z a t i o n  sys t em 
of  F i g u r e  2-12 W*( s )  i s  g iven  by 
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nTs eTs  - 2 
e 
'*(') = nTs T s  2 - 1) + IC T + [T1 + (1 - i ) T ] ( e T S  e ( e  2 
(2-73) 
The e r r o r  c o e f f i c i e n t s  ck may be e a s i l y  c a l c u l a t e d  from t h e  p r e -  
c e d i n g  e q u a t i o n  
c 0 = w*(o) = 0 
= o  - dW* d s  c1 - - I  s = o  
d2W* = 2 -  Tc =TI 
d s  s = O  k2 
k2 
T 
= 6 - [T1 + (2 - 1 - n)T]  d%J* 
and t h e  s t e a d y - s t a t e  e r r o r  a t  a sampling i n s t a n t ,  mT, i s  
(2-74) 
2 . 4 . 4  Sample C a l c u l a t i o n  
I n  t h e  f o l l o w i n g ,  t h e  d e t e r m i n i s t i c  burst n o s i t i o n  s t eadg-  
s t a t e  e r r o r  f o r  a synchronous s a t e l l i t e  o r b i t  w i l l  be c a l c u l a t e d .  
When t h e  e c c e n t r i c i t y , e ,  i s  small t h e  f o l l o w i n g  approximate ex- 
p r e s s i o n  f o r  7 ( t )  can be de r ived  from (Reference  7 ) :  d 
2 
[l - e cos  w t ]  - - 2 a ( l  - e ) 
C C 7 (t) = d (2-'76 ) 
where a = 26180 m i l e s  = Semima.jor a x i s  of s a t e l l i t e  o r b i t  
w = 7.3 x lom5 rad ians /second = Angular v e l o c i t y  of t h e  e a r t h  
c = 186000 miles/second = Speed of l i g h t  
Re = 3960 m i l e s  = Radius of e a r t h  
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Thus, t h e  s t e a d y - s t a t e  e r r o r  f o r  a synchronous s a t e l l i t e  o r b i t  
c a n  be o b t a i n e d  by s u b s t i t u t i n g  T~ and T~ from Equa t ion  (2-76)  
i n t o  Equa t ion  (2 -75) :  
.. ... 
2 - w 2  [cos  wmT - w[T1 + ( 2  - - n)T]  T 2 a e ( l  - e ) 
(2-77 ) 
I 
C 
c ( m T )  = - 
s i n  wmT 
K2 
A t  t h i s  p o i n t ,  l e t  u s  c a l c u l a t e  t h e  maximum s t e a d y - s t a t e  
seconds .  The q u a n t i t i e s  necessa ry  t o  e v a l u a t e  Equat ion  (2-77)  
e r r o r ,  assuming an  e c c e n t r i c i t y  o f  0.01 and a sampling p e r i o d  of 
can  be ob ta ined  as f o l l o w s :  
a - Re 
= 0.24 second 
C 
Round t r i p  d e l a y  Td = 2 
rn 
I d  
T n = -= 240 
For  l a r g e  v a l u e s  of n, Equat ion (2-67)  and (2-68)  can be s i m p l i -  
f i e d  
T1 (-) 8 2  Td = 1.56 seconds Tr 
7 
and T1 + ( 2  - 1 - n)T T1 - Td = 1 . 3 2  seconds 
S i n c e  t he  p roduc t  
ui[Tl + ( 2  - - n)T]  << 1 
f o r  any r easonab le  sampling r a t e ,  t h e  f i r s t  t e rm i n  Equat ion  (2 -77)  
i s  dominant,  and t h e  e r r o r  i s  a s i n u s o i d  whose ampl i tude  i s  
= 1 5 . 2 5  x io -12 seconds 
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1, 
which, i n  e f f e c t ,  averages  t h e  measurement e r r o r s .  Thus, t h e  
v a r i a n c e  o f  t h e  s t a t i s t i c a l  e r r o r s  ( w i t h  z e r o  mean and a t o t a l  
s t a n d a r d  d e v i a t i o n  am) w i l l  be reduced by  
The b u r s t  synchron iza t ion  s y s t e m  has a t i m e  c o n s t a n t ,  T 
where P i s  t h e  r e d u c t i o n  f a c t o r  i n t r o d u c e d  i n  Equat ion  (2-49). 
With  Td = 0 . 2 4  s e c .  and T = s e e .  w e  o b t a i n  
- 1560 
8 * Td P = (;) -  
T 
The s t a t i s t i c a l  e r r o r  c o n s i s t s  of  t i m i n g  and measurement 
e r r o r s .  I n  g e n e r a l ,  t h e  measurement e r r o r s  can be h e l d  t o  t h e  
o r d e r  o f  1 p a r t  i n  l o 8  i n  a system u s i n g  synchronous s a t e l l i t e s .  
Assuming a mean s t a n d a r d  d e v i a t i o n  of seconds f o r  t h e  
s t a t i s t i c a l  e r r o r s  and a p e a k  f a c t o r  o f  3 t o  e n s u r e  adequate  
margin ,  t h e  t o t a l  b u r s t  p o s i t i o n  e r r o r  can be c a l c u l a t e d  from 
Equat ion  ( 2 - 4 9 ) .  
The t o t a l  b u r s t  p o s i t i o n  e r r o r  i s  t h e r e f o r e  dominated b y  t h e  
measurement e r r o r  and t h e  d e t e r m i n i s t i c  e r r o r  of  t h e  s e r v o  l o o p  
i s  n e g l i g i b l e  f o r  t h i s  example. 
Baseband da ta  r a t e s  on t h e  o r d e r  of 30 t o  50 kb / s  are  reas- 
onable  f o r  small u s e r s  wh i l e  t h e  b u r s t  da t a  r a t e s  a r e  many t imes  
h i g h e r ,  depending on t h e  number of a c c e s s e s .  Assuming a maximurn 
b u r s t  d a t a  r a t e  o f  1 0  Mb/s ( e q u i v a l e n t  t o  2 0 0  50 k b / s  u s e r s )  t h e  
maximum b u r s t  p o s i t i o n  e r r o r  i s  only 
n = 7.85 x 10 -lo x l o 7  = 0 . 0 0 7 8  b i t s  
2-40 
Since  t h e  b u r s t  p o s i t i o n  e r r o r  can b e  made much l e s s  t h a n  
a b i t  when a synchronous s a t e l l i t e  i s  used i n  t h e  s y s t e m ,  b i t  
cohe ren t  s y n c h r o n i z a t i o n  can be employed. 
Because of  t h e  r e l a t i v e l y  modest system data  r a t e  of  1 0  Mb/s 
used i n  t h i s  numer i ca l  example, t h e  d i s t o r t i o n  e f f e c t s  o f  prop- 
a g a t i o n  can b e  n e g l e c t e d .  I f  a very  l a r g e  number o f  u s e r s  were 
invo lved  and/or  i f  h i g h e r  u se r  data r a t e s  were n e c e s s a r y ,  t hese  
e f f e c t s  would have t o  be inc luded .  
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SECTION 3 
CONCLUSIONS 
A s  s t a t e d  i n  the i n t r o d u c t i o n ,  the purpose o f  t h i s  s t u d y  was 
t o  i n v e s t i g a t e  the f e a s i b i l i t y  o f  Time D i v i s i o n  Access (TDA) and 
deve lop  an  o p t i m i z i n g  technique  f o r  small  u s e r  a c c e s s ,  s a t e l l i t e  
communication systems.  For the small u s e r  system, the  o p t i m i z a t i o n  
ph i losophy  was t o  maximize the  number o f  a c c e s s e s  which can be  
o b t a i n e d  f o r  a given r e c e i v e d  c a r r i e r  t o  n o i s e  d e n s i t y  r a t i o .  
T h i s  was shown t o  be e q u i v a l e n t  t o  maximizing the  sys tem f i g u r e  
o f  m e r i t  
The a n a l y s i s  of each  of t h e  t h r e e  terms i n  Paragraphs 2 . 4 . 1 ,  
2 . 4 . 2 ,  and 2 .4 .3  under  t h e  c o n d i t i o n s  of t r a n s m i s s i o n  s t a t ed  i n  
S e c t i o n  2 leads t o  t h e  fo l lowing  conc lus ions  f o r  b i n a r y  TDA 
s y s t e m s  u s i n g  synchronous s a t e l l i t e s .  
a .  For  b u r s t  l e n g t h s  g r e a t e r  t h a n  6 b i t s ,  cohe ren t  PSK mod- 
u l a t i o n  wi th  a s e l f - s y n c h r o n i z i n g  demodulator employing an  acqu i -  
s i t i o n  loop  and c a r r i e r  t r a c k i n g  loop  i s  optimum. 
b .  A b i t  coherent  synchron iza t ion  s y s t e m  u s i n g  average  
frequency s t o r a g e  i s  optimum f o r  a wide v a r i a t i o n  i n  frame l e n g t h s  
cos e i s  maximum f o r  1 0 0 0  ( e . g . ,  f o r  a s t a b i l i t y ,  S = 10 , nBS 
- < n 2 1 0 , 0 0 0  b i t s )  p r o v i d i n g  t h e  b u r s t  p o s i t i o n  e r r o r  can b e  h e l d  
much below one b i t  d u r a t i o n .  
2 -6 
c .  A second o rde r  b u r s t  synchron iz ing  system used w i t h  a 
s t a t i o n a r y  s a t e l l i t e  w i l l  reduce t h e  b u r s t  p o s i t i o n  j i t t e r  t o  
a s m a l l  f r a c t i o n  of a b i t .  Thus t h e  r e q u i r e d  guard i n t e r v a l s  
need on ly  b e  one b i t .  
To u t i l i z e  t h e  r e s u l t s  of  t h i s  s tudy  i n  a s y s t e m  s y n t h e s i s ,  
t h e  n a t u r e  and bounds of t h e  small u s e r s  requi rements  and t h e  
optimum vo ice  d i g i t i z a t i o n  t echn iques  must be  determined.  These 
two f a c t o r s  can t h a n  be  used t o  develop t h e  b u r s t  l e n g t h  and t h e  frame 
3-1 
l e n g t h  c o n s t r a i n t s .  The s a t e l l i t e  and ground s t a t i o n  parameters  
can be s e l e c t e d  t o r e s u l t  i n  f e a s i b l e  va lues  f o r  c a r r i e r  t o  n o i s e  
d e n s i t y  r a t i o ,  C/kT, which w i l l  a l l ow t h e  p o s t u l a t i o n  o f  can- 
d i d a t e  sys tem c o n f i  . .u ra t ions .  Analys is  o f  t h e  u s e r  r equ i r emen t s ,  
modi f ied  by c u r r e n t  o p e r a t i o n a l  communication p r a c t i c e s ,  w i l l  
t h e n  lead to t h e  development o f  p o t e n t i a l  sys tem c o n t r o l  ph i lo s -  
oph ie s .  
I 
3-2  
RE FE RENC ES 
1. Lawton, J. G . ,  Comparison of  Binary Data Transmission Systems, 
Proc.  2nd N a t l .  Conf. M i l i t a r y  E l e c t r o n . ,  1958. 
2.  Lindsey, W .  C . ,  Phase-Shift-Keyed S i g n a l  De tec t ion  wi th  Noisy 
Reference S i g n a l s ,  IEEE Trans. on Aerospace and E l e c t r o n i c  
Systems, J u l y  1966. 
3. Salz, J. and S a l t z b e r g ,  B. R . ,  Double E r r o r  Rates i n  D i f f e r -  
e n t i a l l y  Coherent Phase Systems, IEEE Trans.  on Communication 
Systems, June 1964. 
4. V i t e r b i ,  A. J . ,  Phase-Lock-Loop Systems, Space Communications, 
Ed i t ed  by A.  V. Balakrishnan,,  McGraw-Hill Book Company, Inc .  
New York, 1963. 
5. Mart in ,  B. D . ,  The Pioneer I V  Lunar Probe: A Minimum Power 
FM/PM System Design, J e t  Propuls ion  Laboratory Tech. Report 
NO.  32-215. 
6 .  Tou, J. T . ,  D i g i t a l  and Sampled-Data Cont ro l  Systems, McGraw- 
H i l l ,  New York, 1959. 
7. Go lds t e in ,  H . ,  C l a s s i c a l  Mechanics, Addison-Wesley Pub l i sh ing  
8. Van Trees ,  H.  L . ,  Optimum Power D i v i s i o n  i n  Coherent Communi- 
Co., I n c . ,  Reading, Mass., 1959. 
c a t i o n  Systems, IEEE Trans. Space E l e c t r o n i c s  and Telemetry,  
March 1964. 
9. Sanneman, R.  W .  and Rowbotham, J .  R . ,  Unlack C h a r a c t e r i s t i c s  
of t h e  Optimum Type I1 Phase-Locked Loop, IEEE Trans.  on 
Aerospace and Navigat ional  E l e c t r o n i c s ,  March 1964. 
I 
I 
1 
I 
I 
I 
I 
R - 1  
APPENDIX A 
ANALYSIS OF PSK DEMODULATOR FOR TDA SYSTEMS 
A. 1 PSK DEMODULATION 
The optimum b i n a r y  communication t echn ique  i n  the p resence  
o f  whi te  Gaussian n o i s e  ( i . e . ,  t h a t  which produces the minimum 
e r r o r  r a t e  for a g i v e n  Eb/No) i s  t h e  cohe ren t  d e t e c t i o n  o f  b i n a r y  
a n t i p o d a l  or a n t i c o r r e l a t e d  s ignals .  The t ransmi t ted  s i g n a l s ,  
S1 (t) and S2 (t ) must s a t i s f y  the f o l l o w i n g  r e l a t i o n s h i p s .  
0 0 
B i n a r y  phase s h i f t  keying  (PSK) s a t i s f i e s  these r e l a t i o n s h i p s  
where : 
S l ( t )  = A C O S  W o t  
T h i s  appendix p r e s e n t s  t h e  a n a l y s i s  of a p a r t i c u l a r  t y p e  of coherent  
r e c e i v e r  f o r  u s e  i n  TDA systems.  
i n  t h e  r e p o r t .  
T h i s  r e c e i v e r  has been assumed 
I n  g e n e r a l ,  t h e  communication channel  impar t s  a random phase 
s h i f t  t o  t h e  s i g n a l  and adds Gaussian n o i s e .  
t h e  system i s  shown i n  F igure  A-la. 
m ( t > ,  i s  a b i n a r y  message w i t h  a b i t  d u r a t i o n  of T b :  
A g e n e r a l  model o f  
The i n p u t  to t h e  modulator ,  
m ( t )  = 1 o r  0, to + n  Tb t 5 to + (n + 1) Tb 
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The s igna l  o u t  of t h e  modulator,  S ( t ) ,  i s  a f u n c t i o n  of m ( t ) :  
m ( t )  = 1 , S ( t )  = A cos u o t  
m ( t )  = 0 , S ( t )  = -A COS W o t  
The non-fading Gaussian channel i m p a r t s  a random phase s h i f t ,  (p(t), 
to t h e  s i g n a l  and adds  Gaussian n o i s e ,  n ( t ) .  
t h e  r e c e i v e r  X ( t >  i s  of t h e  fo l lowing  form: 
Thus, t h e  i n p u t  t o  
F i g u r e  A-lb shows t h e  model of t h e  optimum r e c e i v e r  for PSK 
s i g n a l s  imbedded i n  Gaussian no i se .  To c o h e r e n t l y  demodulate t h e  
r e c e i v e d  s i g n a l ,  a r e p l i c a  of t h e  c a r r i e r  w i t h  t h e  random phase 
s h i f t  must be produced a t  t h e  r e c e i v e r .  
I n  g e n e r a l ,  t h e r e  a r e  t w o  methods of accompl ish ing  t h i s .  The 
f i r s t  method i s  to t r a n s m i t  a n  a u x i l i a r y  s i g n a l  ( p i l o t  t one  or 
synchronous s u b c a r r i e r )  for t h e  purpose of measuring t h e  channel .  
The second method i s  to d e r i v e  a r e f e r e n c e  c a r r i e r  from t h e  r e c e i v e d ,  
i n fo rma t ion -bea r ing  s i g n a l ,  X ( t > .  These two methods were ana lyzed  
by Van Trees (Reference  8 )  and i t  was shown t h a t  a s e l f - s y n c h r o n i z i n g  
t e c h n i q u e ,  r e p r e s e n t e d  by t h e  second method, r e s u l t s  i n  t h e  optimum 
u t i l i z a t i o n  of power. Lindsey (Reference  2 )  has  ana lyzed  t h e  p e r -  
formance of  a se l f - synchron iz ing  PSK demodulator which employs a 
s q u a r i n g  loop  t o  d e r i v e  a r e f e r e n c e  c a r r i e r  from t h e  PSK s i g n a l .  
The e r r o r  ra te  performance of t h i s  demodulator i s  a f u n c t i o n  of  
t h e  parameter,  6 ,  d e f i n e d  as f o l l o w s :  
where : 
R = data r a t e  
BL = s i n g l e  s i d e d  n o i s e  bandwidth o f  the  phase- locked loop 
No = s i n g l e  s i d e d  i n p u t  n o i s e  s p e c t r a l  d e n s i t y  
S = i n p u t  s igna l  power 
W = bandwidth of t h e  bandpass f i l t e r  which precedes t h e  
s q u a r i n g  dev ice  
A-3  
I f  t h e  bandwidth of t h e  bandpass f i l t e r  i s  e q u a l  t o  t w i c e  t h e  d a t a  
r a t e  and t h e  i n p u t  s igna l - to -no i se  r a t i o  o r  energy-per -b i t - to-noise  
d e n s i t y  r a t i o  (E/No = S/NoR) i s  l a r g e ,  6 may b e  approximated as 
f o l l o w s :  
R 6 e -  
BL 
The model of  a r e c e i v e r ,  b a s e d  on t h e  s q u a r i n g  loop, i s  shown i n  
F i g u r e  A - 2 .  The r e c e i v e r  has two t r a c k i n g  loops .  Loop 1 i s  used 
for a c q u i s i t i o n  of  t h e  c a r r i e r  and loop 2 t r a c k s  t h e  c a r r i e r  d u r i n g  
da t a  demodulat ion.  
T h i s  r e c e i v e r  o p e r a t e s  as f o l l o w s .  During t h e  c a r r i e r  sync 
p o r t i o n  of  t h e  b u r s t ,  t h e  symbols t r a n s m i t t e d  w i l l  b e  a sequence 
o f  b i n a r y  ones,  t h e  swi t ch  i n  p o s i t i o n  A ,  and loop  1 o p e r a t i v e .  
S i n c e  t h e r e  i s  no modulat ion on t h e  c a r r i e r ,  i t  can b e  t r a c k e d  
d i r e c t l y  ( i . e . ,  s q u a r i n g  i s  not r e q u i r e d ) .  The l o o p  bandwidth 
of t h e  a c q u i s i t i o n  loop can be made l a r g e  t o  lower t h e  a c q u i s i t i o n  
t i m e ,  i f  n e c e s s a r y .  Af t e r  t h e  c a r r i e r  has been a c q u i r e d  i n  l o o p  1, 
loop  2 ( t h e  s q u a r i n g  loop which  has nar rower  loop  bandwidth) i s  
swi tched  i n  t o  reduce t h e  phase j i t t e r  on t h e  r e f e r e n c e  due t o  
n o i s e  a t  t h e  i n p u t .  Thus, loop 1 must remove t h e  i n i t i a l  f r e -  
quency and phase e r r o r  and loop 2 must f u r t h e r  reduce t h e  phase  
j i t t e r .  I n  a d d i t i o n ,  s i n c e  i n i t i a l  a c q u i s i t i o n  was ach ieved  
w i t h o u t  t h e  s q u a r i n g  loop, t h e  1800 ambigui ty  normally a t t e n d a n t  
to i t s  u s e  i s  removed. 
The a c q u i s i t i o n  o r  lock-on t i m e  o f  a phase l o c k  loop  w i t h  a 
n o i s e  f r e e  i n p u t  i s  a f u n c t i o n  of t h e  loop parameters  and t h e  
i n i t i a l  c o n d i t i o n s  ( i . e . ,  i n i t i a l  f requency and phase e r r o r s ) .  
A . 2  I N I T I A L  CONDITIONS 
The wors t  ca se  i n i t i a l  p h a s e  e r r o r  i s  
c a s e  i n i t i a l  f requency  e r r o r  occur s  when a 
two b u r s t s  from two d i f f e r e n t  t r a n s m i t t i n g  
IT r a d i a n s .  The wors t  
s t a t i o n  i s  r e c e i v i n g  
s t a t i o n s  d u r i n g  a frame 
and must demodulate them w i t h  t h e  same r e c e i v e r .  R e f e r r i n g  t o  
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F i g u r e  A-3, t h e  f requency  of t h e  r e c e i v e d  s i g n a l s  from t h e s e  two 
s t a t i o n s  can be cons ide red  t o  b e  u n c o r r e l a t e d  random v a r i a b l e s ,  
un i formly  d i s t r i b u t e d  between f R  - A f R  and f R  + AfR. 
quency of t h e  VCO i n  t h e  t r a c k i n g  loop  i s  uni formly  d i s t r i b u t e d  
< f < f + A f V ,  t h e n  t h e  maximum i n i t i a l  i n  t h e  range  f R  - 
f requency  e r r o r  i s  ( A f ,  + A f v )  = ( A f o  + A f l  + A f 2  + A f v ) .  
i n i t i a l  f requency  e r r o r  once t h e  system i s  o p e r a t i n g  can be con- 
s i d e r e d  as t h e  frequency e r r o r  between any two b u r s t s .  S i n c e  
normal ly  t h e  frame l e n g t h  i s  much l e s s  t h a n  one second,  t h e  
s t a b i l i t y  of  t h e  r e c e i v e r  VCO (Sv) and LO (S2), and t h e  s a t e l l i t e  
LO (S1) over  t h i s  s h o r t  t e rm can be cons idered  t o  b e  very  small 
9 ( i . e .  , less  t h a n  one p a r t  i n  10  ) .  The long-term s t a b i l i t y  o f  
7 t h e  t r a n s m i t t e r  LO (So) may be on t h e  o r d e r  of  one p a r t  i n  1 0  . 
Thus, t h e  maximum frequency e r r o r  between any two b u r s t s  from 
d i f f e r e n t  t r a n s m i t t e r s  i s  given by:  
I f  t h e  f r e -  
A f V -  V -  R 
The 
= ( f o  + s 0 0  f ) - f l  - f2 - fv] - I fo  - Sofa) - ( f l  + S l f l )  [ 7 Afmax 
= 2s f + sv ( f l  + f 2  -t f v ) ;  SI = s2 = sv Afmax 0 0  
f o r :  
9 = 6 x lo9 Hz, f l  = 2 x 10 Hz, f 2  = 3.93 x lo9 Hz f O  
= f (2s + s ) = 6 x 1 0  9 ( 2  x Afmax 0 0  V + 
3 = 1.21 x 10 HZ 
A. 3 ACQUISITION TIME 
F i r s t ,  t h e  a c q u i s i t i o n  c h a r a c t e r i s t i c s  of  t h e  t r a c k i n g  loop  
a l o n e  w i l l  b e  ana lyzed .  The parameters  of t h i s  l o o p  w i l l  b e  
A-7 
determined  p r i m a r i l y  by  t he  r equ i r ed  phase j i t t e r  f o r  demodulation. 
For demodulator performance, t h e  parameter ,  6 ,  was d e f i n e d  as  
(Reference  2 )  : 
-1 6 4  L [ l + g . .  % -  R 
. BL BL 
R -k 452)  (Reference  4) Thus, B L = 6=* 
Where w n  i s  t h e  n a t u r a l  l o o p  frequency and 5 i s  t h e  damping f a c t o r .  
For a c r i t i c a l l y  damped loop 5 = l/d2 and t h e  above equa t ion  can 
be s o l v e d  f o r  uJn: 
Thus, t h e  normalized i n i t i a l  c o n d i t i o n s  are : 
f o r  t h e  frequency e r r o r  p rev ious ly  de r ived  and t h e  w o r s t  case  
phase e r r o r .  
For a g iven  A$ and w , the  a c q u i s i t i o n  time can be found 
n 
from phase p l a n e  curves p re sen ted  i n  Reference 9. 
curves ,  t h e  a c q u i s i t i o n  t i m e  found i s  normalized i n  terms of time 
i n t e r v a l s  o f  1/4 wn.  
From t h e  
The a c q u i s i t i o n  t ime can be expressed  i n  terms of the 
number of b i t s  a s  fo l lows :  
A-8 
where k = the  number of  time i n t e r v a l s  measured on t h e  phase  
p l a n e  p l o t .  I n  general ,  k i s  a f u n c t i o n  of  t he  i n i t i a l  c o n d i t i o n s  
- 
TS - 
The number o f  
- 
nS - 
Subs t i t u  t i n g  f o r  un, 
k6 
7.55R 
b i t s  r e q u i r e d  for c a r r i e r  a c q u i s i t i o n  i s  t h u s :  
k6 T R = -  
S 7.55 
I n  g e n e r a l ,  n i s  a func t ion  of  t h e  
maximum v a l u e  o f  - i s  less  than 1, t h e n  
l o c k  w i t h i n  nS symbols f o r  a l l  v a l u e s  of 
where Rmin i s  g i v e n  by: 
S 
A m  
n w 
data  r a t e  R .  I f  t h e  
t h e  loop  w i l l  a ch ieve  
data  r a t e ,  R > Rmin 
1 
Rmin = 4 1 0 3  6 
For 6 - < 1 0  (which i s  t h e  range  o f  p r a c t i c a l  i n t e r e s t ) ,  Rmin 
- < 40 k b / s .  For  t h e  a p p l i c a t i o n  o f  i n t e r e s t  t h e  baseband i n p u t  
da t a  ra tes  a re  on t h e  o r d e r  of 30 to 50 k b / s  f o r  a d i g i t a l  v o i c e  
i n p u t  and t h e  b u r s t  data r a t e s  are 1 0 0  to 2 0 0  t i m e s  as much, 
depending on t h e  number of  accesses .  The re fo re ,  R w i l l  a l w a y s  
and - < 1. Consequently,  t h e  wors t  c a s e  i n i t i a l  exceed Rmin 
c o n d i t i o n s  A $  = --TI and - = l w i l l  b e  used.  Under t hese  assump- 
t i o n s ,  nS i s  independent  of R ,  and t h e  va lue  o f  k i s  approximate ly  
25. Thus, t h e  number o f  b i t s  r e q u i r e d  f o r  c a r r i e r  recovery  i s  
g iven  by : 
A w  
n w n w  
n w 
- k6 - 36 n S - 7 . 5 5 -  
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Thus, f o r  t h e  va lues  of  fi of  i n t e r e s t ,  i n  t h e  range  from 2 to 5, 
w i l l  be i n  t h e  range  from 6 to 15. nS 
A s  was p r e v i o u s l y  mentioned, a d u a l  loop can be employed to 
reduce  t h e  a c q u i s i t i o n  t ime .  R e f e r r i n g  to Figure  A - 2 ,  i f  t h e  
a c q u i s i t i o n  loop (:.e., loop c o n t a i n i n g  F1(S))  has  a n o i s e  bandwidth 
o f :  
= 3R,  
BL1 
t h e n  t h e  s e t t l i n g  t ime o f  t h i s  loop w i l l  be 
- 1 _ -  
TS1 R 
o r  one symbol d u r a t i o n .  The va r i ance  of t h e  phase j i t t e r  of t h e  
a c q u i s i t i o n  loop i s  g iven  by:  
0 
N 
Eb 
- -  - R 
A f t e r  t h e  f i r s t  symbol d u r a t i o n ,  t h e  t r a c k i n g  loop ( i . e . ,  . 
loop c o n t a i n i n g  F 2 ( S ) )  i s  s w i t c h e d  i n  and a second symbol du ra t ion  
i s  a l lowed to reduce t h e  phase j i t t e r  to, 
-1 
a* 2 = [+I 
Thus, a f t e r  two symbol d u r a t i o n s ,  t h e  in fo rma t ion  symbols can 
be demodulated.  
A-10 
